Summary Early experiences affect brain development and thus adult brain function and behavior. We employed a novel early experience model involving denial (DER) or receipt of expected reward (RER) through maternal contact in a T-maze. Exposure to the DER experience for the first time, on postnatal day 10 (PND10), was stressful for the pups, as assessed by increased corticosterone levels, and was accompanied by enhanced activation of the amygdala, as assessed by c-Fos immunohistochemistry. Re-exposure to the same experience on days 11-13 led to adaptation. Corticosterone levels of the RER pups did not differ on the first and last days of training (PND10 and 13 respectively), while on PND11 and 12 they were lower than those of the CTR. The RER experience did not lead to activation of the amygdala. Males and females exposed as neonates to the DER or RER experience, and controls were tested as adults in the open field task (OF), the elevated plus maze (EPM), and cued and contextual fear conditioning (FC). No group differences were found in the EPM, while in the OF, both male and female DER animals, showed increased rearings, compared to the controls. In the FC, the RER males had increased memory for both context and cued conditioned fear, than either the DER or CTR. On the other hand, the DER males, but not females showed an increased activation, as assessed by c-Fos expression, of the amygdala following fear conditioning. Our results show that the DER early experience programmed the function of the adult amygdala as to render it more sensitive to fearful stimuli. This
Introduction
Early life experiences affect hypothalamus-pituitary-adrenal (HPA) axis reactivity, emotionality and fear-related behavior. Early life stress, in the form of maternal separation increases emotionality and anxiety (Holmes et al., 2005; Penke et al., 2001 ) and affects fear conditioning (Kosten et al., 2006; Stevenson et al., 2009) , whereas a milder early life manipulation, i.e. neonatal handling, reduces emotionality and fear responses (Macri et al., 2004; Madruga et al., 2006) . Furthermore, qualitative differences in maternal care, such as high amounts of licking and grooming of the offspring, produces a ''neophilic'' animal that is more exploratory of novel environments and less emotionally reactive with a lower and more contained glucocorticoid stress response in novel situations; poor maternal care leads to a ''neophobic'' phenotype with increased emotional and HPA reactivity and less exploration in a novel situation (McEwen, 2007; Meaney et al., 1993) .
In rodents, there are sex differences in HPA axis function and emotionality. More specifically, female rats have higher basal corticosterone levels and exhibit a faster and higher stress-induced corticosterone response (Beiko et al., 2004) ; activity and exploration, as well as unconditioned fear are also higher in female than male rats (Archer, 1975) . The use of animal models of early experiences have documented that males are more sensitive to the effects of manipulations of mother-offspring interactions (Slotten et al., 2006; Wells, 1976) .
Fear and anxiety-related behaviors depend mostly on amygdalar function (Davis, 1992; LeDoux, 2003) , and do not emerge until the functional maturation of the amygdala, which is dependent on corticosterone. In the rat, corticosterone levels during the stress hyporesponsive period (SHRP) are maintained low through contact with the mother (Stanton et al., 1987; and prevent maturation of amygdala and thus fear learning, which emerges later, toward the end of the SHRP, when stressinduced corticosterone increase permits amygdalar activation (Moriceau et al., 2004) . It should be noted that the end of the SHRP coincides with the time at which the mother begins to leave the pups more often in the nest for short periods and to forage in the cage.
As clearly shown by the group of R. Sullivan (Moriceau et al., 2004; and presented above, contact with the mother is the stimulus regulating stress-induced increase in corticosterone, amygdala maturation, and the ability for fear learning. Thus in the present work we employed a new experimental model (Diamantopoulou et al., 2011) which involves manipulation of the pupmother contact to study maturation of the amygdala and emotionality in adulthood. More specifically in our model one group of animals is denied the expected reward of maternal contact (DER), while the other is granted it (RER). This model allows the study of the effects of two different early life experiences; one that involves a fair degree of adversity (DER group), while the other one is of minor adversity, as it is terminated by receipt of maternal reward (RER group). Given the stressful characteristics of the DER experience, we hypothesized that it would lead to increased corticosterone release in the neonates, with consequent amygdalar activation, which would influence in a sex dimorphic way emotionality/anxiety and, most importantly, fear memory in adulthood. To evaluate this hypothesis, we measured corticosterone plasma levels in the DER, RER and control rat pups during the neonatal training and amygdalar activation following it, using c-Fos immunohistochemistry. Furthermore, in adulthood emotionality and fear memory of males and females of the three experimental groups were evaluated, using the open field task, the elevated plus maze and fear conditioning. The effects of the latter on corticosterone levels and amygdalar activation were also determined. Epigenetic modifications have been shown to underlie the long-term effects of early experiences (Weaver et al., 2004) . We thus also determined in the amygdala under basal conditions the levels of phospho-acetyl-histone-3 phosphorylated on serine 10 and acetylated on lysine 14 (pAcH3), which is present in transcriptionally active chromatin. Furthermore, we performed double immunolabeling for pAcH3 and c-Fos following cue fear memory in order to demonstrate that chromatin opening is linked to c-fos expression.
Materials and methods

Animals
Wistar rats of both sexes born and reared in our colony were used in these experiments. Animals were kept under standard conditions (24 8C, 12:12 h light/dark cycle) and received food (Kounker-Keramari Bros. & Co., Athens, Greece) and water ad libitum. Prior to the day of birth, which was designated as postnatal day 0, each litter was assigned randomly to either of the two experimental groups [pups denied (DER) or receiving (RER) the expected reward], or to the control (CTR -non-handled) group. In order to maintain stable environmental stimulation of the pups, instead of cleaning the cage, wood chip was added every 4-5 days, without disturbing either the pups or the dam. On postnatal day 22, animals were weaned and housed in samesex, same group (DER, RER, CTR) of three-four animals per cage. Overall, four different cohorts of animals were used for different experimental procedures (Fig. 1) . More specifically, one cohort (#1) of animals was used for the experiments during the neonatal period [postnatal days 10-13 (PND10-13)]. In this cohort, each group (DER, RER, CTR) of each postnatal day consisted of n = 10 AE 1 rat pups. Two different cohorts of animals were used for the behavioral experiments in adulthood: One (#2) was used for fear conditioning (FC) and following it, c-Fos immunohistochemistry programming by the DER early experience could be mediated through epigenetic modifications of histones leading to chromatin opening, as indicated by our results showing increased levels of phospho-acetyl-histone-3 in the amygdala of the DER males. # 2013 Elsevier Ltd. All rights reserved.
and double c-Fos/pAcH3 immunofluorescence and another one (#3) for the elevated plus maze (EPM) and the open field test (OF). In each of these two cohorts, each group (DER, RER, CTR) consisted of n = 10 AE 1 rats of either sex. An additional cohort (#4) of animals was used for the determination of long-term epigenetic effects of early experiences and in this cohort, each group consisted of n = 6 male and n = 5 female rats. All animal experiments were carried out in agreement with ethical recommendation of the European Communities Council Directive of 24 November 1986 (86/ 609/EEC) and of 22 September 2010 (2010/63/EU). All efforts were made to minimize animal suffering and to reduce the number of animals used.
Neonatal training in the T-maze
Briefly, all animals of each litter, were exposed either to the RER or DER experience, starting from postnatal day 10 until postnatal day 13. As previously described in detail (Diamantopoulou et al., 2011; Panagiotaropoulos et al., 2009 ), we used a custom-made T-maze. At the end of one of its two arms a small sliding door (9 cm Â 11 cm) permitted access to the mother-containing cage when pups were trained under continuous reinforcement (RER) or remained always closed, preventing entrance into the cage, when pups were trained under the condition of denial of expected reward (DER). Each pup of both groups (DER, RER) was subjected to 10 trials of maximum 60 s duration per day. At the end of the other arm of the T-maze another cage was placed, without access from inside the T-maze, containing a virgin female rat for control purposes.
On postnatal day 13, 2 h after their exposure to the last training trial, pups were exposed to a single memory trial in the absence of mother-elicited stimuli. Both cages (containing the mother of the pups and the control female animal) were removed from the experimental set up, and the pups were allowed to explore the T-maze for 60 s.
Animals subjected to the neonatal experience and the controls were left undisturbed [with the exception of weekly cage cleaning (performed carefully by the experimenter, in order to minimize the disturbance of the animals)] until adulthood (3 months old).
Maternal behavior
Behavioral observations were conducted as previously described (Garoflos et al., 2008) for 8 DER, 8 RER and 8 CTR litters (from cohort #2, #3 and #4) on PND10, 11 and 12. Maternal behavior was not recorded on PND13 since this measurement for the DER and RER groups would not be reliable, because it would overlap with the memory trial and the consequent disruption of the litter. Four 30 min observations were performed ''blindly'' as to the experimental group. The first measurements were performed immediately upon return to the home-cage (roughly around 13:30) and then again at 15:30, 17:30, and 19:30 . Each observation session was performed by one of two observers with a very good inter-observer agreement, as determined in a pilot study (correlation coefficient, r > 0.95). During the 30 min recording period each dam was observed every 5 min, yielding six measurements per dam per each 30 min observation period. Each dam was observed for 5 s which allowed for an exact identification of the maternal behavior at that time and a score of 1 was recorded for each specific behavior if it was present and 0 if it was absent. The complete set of maternal behavior data (Licking, Carrying, Arched-back nursing, Blanket nursing, Passive nursing, Mother off pups, according to Pryce et al., 2001 ) was collected from all litters but herein we present the cumulative data for licking and arched-back nursing as well as for ''off pups behavior''. The total score for these behaviors obtained in all four observation periods per day is reported.
2.4. Behavioral testing in adulthood 2.4.1. Fear conditioning Rats were tested in the conditioned fear paradigm, which was an adapted version of that of Edinger et al. (2004) and Sullivan et al. (2004) . On the training day, rats were placed in the conditioning box (black box, dimensions 25 cm Â 25 cm Â 27 cm, Pansystems) for a habituation period of 4 min. Following habituation, a tone was presented (5 kHz, 76 dB, 20 s), co-terminating with a footshock (0.5 mA, 1 s). Pilot experiments showed that one tone-shock pairing was enough for conditioning, which lasted at least 1 week. Contextual fear memory, mediated by the hippocampus (Kim et al., 1993) was evaluated 24 h later: rats were placed in the shock-box without the tone for 5 min. Rat behavior was recorded by a video camera placed above the open shock-box and the % of total time each animal spent freezing was considered as an index of contextual fear memory. Cued fear memory was assessed 48 h after the initial conditioning, in a modified shock-box: a white cardboard was inserted as a floor in the shock-box to cover the grid metal bars delivering the shock. Furthermore the box walls were also covered and thus modified, since the use of these specific contextually distinct environments has been shown to limit conditioned response to cue stimuli (Sullivan et al., 2003) . Each rat received five 20 s tone presentations alone (no shock), with an inter-trial interval of 60 s. Group means were calculated from the percent of time each animal spent freezing during the presentation of each of the 20 s tones, and presented as a ''time-course'' curve for cued fear memory retrieval and extinction.
Open field (OF)
We subjected the DER, RER and CTR animals (n = 10/group per sex) to a 5-min open field test. The open field consisted of a wooden square box, painted white, with sides and height of 60 cm, which was placed in a brightly illuminated room. Testing took place between 0900 h and 1200 h, during the light phase of the cycle. The open field arena was thoroughly cleaned before each test.
Locomotion of the animals was recorded and analyzed by a computerized imaging analysis system (Ethovision, Noldus Information Technology, Wageningen, the Netherlands), in which an inner smaller square, with sides of 40 cm was designed to represent the central zone. The following parameters were determined: total distance traveled, number of visits to the central zone, and time spent in the central zone. Additionally, duration and frequencies of freezing, grooming and rearing behaviors were measured manually using the Registration Software ''blindly'' by two independent experimenters.
Elevated plus maze (EPM)
Rats were tested between 0900 h and 1200 h, during the light phase of the cycle, in a moderately illuminated room. The apparatus was at a distance of 60 cm above the ground and was constructed of a black plastic floor and gray plastic walls 40 cm high, for the closed compartments. The size of the central platform was 10 cm Â 10 cm and of the arms 50 cm Â 10 cm. Each rat was placed in the central platform, facing an open arm and was left to explore for 5 min, while being video recorded. A strict definition of an arm entry or exit was used: all four paws had to be within ( 
Radioimmunoassay (RIA) for corticosterone
The experiments were performed between 08:30 h and 14:00 h when plasma corticosterone levels are stable, at least for the adult rats (Kwak et al., 1992) . Trunk blood was used to estimate corticosterone response 2 h after the end of training on PND 10, 11 and 12, and immediately after the memory trial on PND13, for the neonates. Pups of the DER and RER groups sacrificed on PND11, 12 and 13 had been exposed to the respective training on the previous days (PND10, PND10 and 11, and PND10, 11, 12, for the three different time points). Control pups were sacrificed immediately after being taken out from their nest. In adulthood, from each animal three plasma samples were collected from tail vein blood: One for the determination of plasma corticosterone levels under basal conditions (on day 80 of age); the second for fear conditioning stress-induced levels 30 min after the end of fear conditioning training, on day 1; and the third 30 min after the end of cue-related memory testing on day 3. Blood sampling from the tail vein lasted 1-2 min. Samples were collected in ice-chilled EDTA coated microcapillary tubes (Sarstedt), which were then centrifuged at 3000 rpm for 10 min to collect plasma. All plasma samples were stored at À20 8C until radioimmunoassay (RIA). Plasma corticosterone concentration were measured as described in Enthoven et al., 2010 using commercially available RIA kits containing 125 Iodine labeled corticosterone (variance: interassay 6.9%, intra-assay 7.3%) (ICN Biomedicals Inc., CA, USA). Corticosterone concentrations were determined in duplicate against an extended standard curve (0, 3, 6.25, 12.5, 25, 50, 100, 250 , 500, 1000 ng corticosterone/ml). Vials for RIA were counted for 2 min in a gamma-scintillation counter (Packard Minaxi Gamma counter, Series 5000). Radioimmunoassays were performed in the Division of Medical Pharmacology, Leiden/Amsterdam Centre for Drug Research (LACDR)/Leiden University Medical Centre (LUMC), University of Leiden.
c-Fos immunohistochemistry
Numbers of c-Fos immunopositive cells were determined in the neonatal rat brain in the central (CeA) and the basolateral amygdaloid nucleus (BLA) on PND10 and 12, 2 h after the end of training, i.e. following the last training trial, in order to assess activation of the amygdala as a response to the experimental training in the T-maze, in both experimental groups, as well as, in the CTR, non-handled group. Furthermore, c-Fos immunoreactivity was measured in adult brain 2 h after the cue memory test (48 h after fear conditioning) in CeA and BLA.
Animals used for immunohistochemistry were deeply anesthetized, decapitated and brains were isolated and frozen in À40 8C isopentane. Twenty-micrometer sections were cut on a cryostat (Leica CM1900, Nussloch, Germany) at À17 8C, collected on silane-coated slides and stored at À80 8C until further processing. Then, sections were thawed, post-fixed with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer for 1 h and incubated in 1% H 2 O 2 for 4-5 min. Then washed in phosphate-buffered saline (PBS) (3Â 5 min) and incubated in blocking solution (namely PBS+), containing 0.2%Triton X-100, 2% BSA and 0.5% normal goat serum (NGS) (DakoCytomation, Denmark) in PBS for 1 h at RT. Sections were then incubated overnight at 4 8C with the rabbit polyclonal anti-c-Fos antibody (sc:52, Santa Cruz, USA) at a dilution of 1:2000 in blocking solution (PBS+). Following incubation with the primary antibody, slides were washed in PBS (3Â 5 min) and incubated for 2 h at room temperature with a biotinylated goat anti-rabbit secondary antibody (AP132B, Millipore, dilution 1:200 in PBS+). Following several rinses in PBS, slides were exposed to the ABC reagent (DakoCytomation, Denmark) for 60 min at room temperature. Slides were then washed in PBS and stained with 3,3 0 -diaminobenzidine (DAB) (1.7 mM, Sigma-Aldrich, USA) diluted in Tris-HCl buffer (10 mM, pH = 7.6) and 0.03% H 2 O 2 for 2-5 min at room temperature. Finally, they were washed, dehydrated, and coverslipped with DePex (SERVA, Germany) and analyzed microscopically under a brightfield microscope. No staining was observed on sections incubated either without the primary antibody, or with primary antibody preincubated with 10-fold excess of the blocking peptide (sc-52 P, Santa Cruz, USA).
Phospho(Ser10)-Acetyl(Lys14)-Histone-3 (pAcH3) immunohistochemistry
Numbers of pAcH3 immunopositive cells were determined in the central (CeA) and basolateral amygdala (BLA) of adult animals under basal conditions as described above for c-Fos with the following modifications: Sections were post-fixed with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer for 1 h, washed in phosphate-buffered saline (PBS) (3Â 5 min) and incubated in blocking solution containing 0.4%Triton X-100 and 10% normal goat serum (NGS) (DakoCytomation, Denmark) in PBS for 1 h at RT. Sections were then incubated overnight at 4 8C with the rabbit polyclonal anti-phospho(-Ser10)-Acetyl(Lys14)-Histone-3 antibody (Cat. # 07-081, Millipore, Temecula, CA, USA) at a dilution of 1:500 in blocking solution. No staining was observed on sections incubated without the primary antibody.
Double c-Fos-pAcH3 immunofluorescence
Co-localization of c-Fos and pAcH3 labeling was identified in the central amygdala (CeA) of adult animals 2 h after the cue memory test (48 h after fear conditioning) by double, direct immunofluorescence. Primary antibodies were directly labeled with fluorochromes (Mix-n-Stain kit, Biotium, Hayward, CA, USA) according to the manufacturer's instructions: Anti-c-Fos was labeled with CF-488A (green color) and anti-pAcH3 with CF-555 (red color). The procedure followed for immunolabeling was similar to that described above for pAcH3 immunolabeling with the following modifications: Brain sections were post-fixed with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer for 1 h, washed in phosphate-buffered saline (PBS) (3Â 5 min) and incubated for 3 overnights at 4 8C with the CF-488A labeled rabbit polyclonal anti-c-Fos antibody (sc:52, Santa Cruz, USA) at a dilution of 1:2000. Following incubation with this primary antibody, slides were washed in PBS (3Â 5 min) and then incubated for 48 h 4 8C with the CF-555 labeled rabbit polyclonal anti-phospho(Ser10)-Acetyl(Lys14)-Histone-3 antibody (Cat. # 07-081, Millipore, Temecula, CA, USA) at a dilution of 1:500. Labeled sections were observed under a confocal microscope (LEICA Microsystems, Nussloch, Germany).
Cell counting and image analysis
For all cell counting the image analysis program ''Image Pro Plus'' (Media Cybernetics, USA) was used. All brain areas were defined according to the anatomical atlases of Ramachandra and Subramanian (2011) for the neonates and of Paxinos and Watson for the adult animals (2005). We determined the number of c-Fos or pAcH3 immunopositive cells for each brain area analyzed in three randomly selected sections within the following antero-posterior range: For neonates P14-c19 to P14-c21; for adults Bregma À2.28 to À2.64. Cell counting was performed ''blindly'' by two independent investigators. In each brain section, cells were counted in two to three different optical fields of CeA in both neonates and adult animals, as well as of BLA in adult animals; specifically for the BLA of neonates, the number of immunopositive cells was counted in each section analyzed, in one optical field including BLAs entire cross-sectional area. In the different brain areas, the number of positive cells per optical field of each animal was the average value calculated from the data of the optical fields of these areas in all brain sections evaluated.
Statistical analysis
Corticosterone data obtained on the different postnatal days during the neonatal period were analyzed by two-way analysis of variance (ANOVA) with the group of rats (DER, RER, CTR) and the postnatal day as the independent factors. Neurochemical data from c-Fos immunohistochemistry on the different amygdalar regions of neonatal brains were analyzed by two-way ANOVA with the group of rats (DER, RER, CTR) and the postnatal day as the independent factors. It should be noted that the effects of sex on corticosterone and c-Fos levels in neonates have been tested with three-way ANOVAs with sex, group and postnatal day as the independent factors. No main effect of sex or sex Â group, sex Â postnatal day or sex Â group Â postnatal day interaction has been observed. Thus, the data for both male and female pups were collapsed and further analyzed as described above. Maternal behavior was analyzed by ANOVA with the experimental group as the between subjects factor and the three recording days as the within subject factor. The different behaviors during the contextual FC, EPM, and OF were analyzed by two-way ANOVA with the group of rats (DER, RER, CTR) and the sex as the independent factors. Data on freezing behavior during the 5 trials of cued FC were analyzed by ANOVA with the group of animals and sex as the between subjects factors and the trial as the within subject factor. Corticosterone data on the different time points during adulthood in relation to FC were analyzed by ANOVA with the group of rats (DER, RER, CTR) and the sex as the between subjects factors and time points as the within subject factor. Neurochemical data from c-Fos or pAcH3 immuno-histochemistry on the different amygdalar regions of adult brains were analyzed by two-way ANOVA with the group of rats (DER, RER, CTR) and the sex as the independent factors. The Bonferroni test for post hoc analysis was used when appropriate. All statistical analyses were performed using the SPSS v.10 software. Statistical significance was set at p < 0.05.
Results
3.1. Corticosterone response following training in the T-maze, PND 10-13 (Fig. 2) Corticosterone levels following training in the T-maze changed over days in a group-dependent manner (two-way ANOVA for day and group: group Â day interaction F(6, 112) = 8.228, p < 0.0001). More specifically, DER rat pups had an increased corticosterone response when compared to the RER or CTR pups after the first day of training in the T-maze (PND10) (F(2, 27) = 15.577, post hoc # DER vs. RER, *DER vs. CTR p < 0.001). This higher corticosterone response of the DER pups was not maintained on the following days of training, indicating that the system probably habituates after the initial response. On the other hand, CTR pups slowly increased their corticosterone levels, as expected, as they approached the end of the stress hyporesponsive period. More specifically, CTR pups had increased corticosterone levels when compared to both the RER and the DER pups on PND 11 (F(2, 27) = 6.178, p = 0.007; post hoc * CTR vs. DER p = 0.05, § vs. RER p = 0.007) and on PND12 (F(2, 28) = 22.979, p < 0.0001; post hoc * CTR vs. DER, § vs. RER p < 0.001).
3.2. Neonatal training in the T-maze under denial of maternal reward leads to increased amygdalar activation, in both the central and the basolateral nuclei, as assessed by c-Fos immunohistochemistry (Fig. 3) Amygdalar activation was evaluated by c-Fos immunohistochemistry, since c-Fos levels have been widely used as a marker of neuronal activation. In order to assess amygdalar progressive activation over training, we chose to measure cFos immunoreactivity after the end of the first day of training (PND10) and after the end of the third day of training (PND12), which also corresponds to the end of the SHRP. Using two-way ANOVA, with group and postnatal day as the independent factors for each area [i.e. central amygdala (CeA); basolateral amygdala (BLA)], we found a significant group Â day interaction (F(5, 32) = 5.274; p = 0.012) for the CeA. Further analysis showed that only on PND10, DER pups showed enhanced CeA activation (group effect, F(2, 16) = 8.362, p = 0.004) when compared to the RER (post hoc, # DER vs. RER, p = 0.048) and the CTR (post hoc, *DER vs. CTR, p = 0.001). Statistical analysis of the data regarding the BLA, also revealed a significant group Â day interaction (F(5, 32) = 3.927; p = 0.032): Similarly to the CeA, only on PND10, DER pups exhibit higher BLA activation (group effect, F(2, 16) = 10.703, p = 0.002) when compared to the RER (post hoc, # DER vs. RER, p = 0.048) and the CTR (post hoc, *DER vs. CTR, p = 0.001). No differences were detected among groups on PND 12, neither in the CeA, nor in the BLA.
3.3. Maternal behavior toward litters trained in the T-maze (Table 1) Dams of either DER or RER litters showed increased licking and arched-back nursing behavior compared to dams of control pups as revealed by ANOVA with the experimental group as the between subjects factor and the three recording days as the within subject factor: Main effect of experimental group, F 2,21 = 6.258, p = 0.007; Bonferroni post hoc analysis, p < 0.05 for both *DER vs. CTR and § RER vs. CTR (Table  1A) . On the contrary, dams of control litters were found off pups more often than dams of either DER or RER litters [Main effect of group: F 2,21 = 8.038, p = 0.003; Bonferroni post hoc analysis, p < 0.05 for both *DER vs. CTR and § RER vs. CTR (Table 1B) ]. It should be noted that maternal behavior was recorded in litters whose pups were exposed to the training on all four days (PND10-13) and the memory trial on PND13 and were allowed to reach adulthood. Thus, pups whose corticosterone levels were determined were exposed to the increased maternal care and presence for shorter periods of time; on PND10 for only 2 h.
Fear memory in adulthood is enhanced by
an early life history of reward of maternal contact in a sex dependent manner (Fig. 4-I 
)
When rats were tested in adulthood in a fear conditioning paradigm, RER male rats showed a clear memory advantage over the DER or CTR rats, both for contextual-related fear memory and for cue fear memory. In detail, two-way ANOVA revealed a statistically significant group Â sex interaction in memory for context (F(2, 58) = 3.186, p = 0.049), tested 24 h after conditioning. Further analysis showed that contextual memory performance was enhanced in the RER males (group effect F(2, 31) = 12.845, p < 0.0001), when compared to both the DER ( # p < 0.001) and the CTR ( § p = 0.001). In the females contextual fear memory was lower in the CTR, compared to the RER (group effect F(2, 26) = 4.812, p = 0.017; post hoc, § p = 0.019). Statistical analysis for cued fear memory revealed a trial Â group Â sex interaction [F(8, 212) = 3.147, p = 0.002]. Male rats belonging to the RER group showed an increased fear memory for cue, 48 h after conditioning, when compared to both the DER and the CTR. Specifically, RER male rats seem to retrieve cue fear memory rapidly and to sustain high levels of freezing to cue, whereas the CTR and particularly the DER, delay reaching their maximum levels of freezing to cues (trial 1: group effect F(2, 32) = 7.592, p = 0.002, post hoc RER vs. DER, p = 0.002, vs. CTR, p = 0.043; trial 2: group effect F(2, 32) = 6.255, p = 0.006, post hoc RER vs., DER p = 0.005, vs. CTR, p = 0.890). The RER maintained a sustained freezing response, with freezing time unchanged even in the last cue presentation while the CTR and the DER animals show a decrease in their freezing behavior (trial 5: group effect F(2, 32) = 6.034, p = 0.006; post hoc RER vs. DER p = 0.019, vs. CTR p = 0.014). No group differences in cue fear memory were found among the female rats.
3.5. Neonatal learning of a T-maze, either under maternal reward or its denial, is linked to decreased corticosterone release following fear conditioning and fear memory retrieval in adulthood (Fig. 4-II) In adulthood, fear conditioning training, as well as memory retrieval for cue 48 h later, lead to increased corticosterone secretion (compared to basal levels) in all groups (two-way ANOVA with repeated measures, condition effect F(2, 106) = 109.889, z p < 0.0001). Moreover, a significant condition Â group Â sex interaction was observed (F(4, 106) = 2.785, p = 0.030). Further analysis showed that the male CTR rats had increased corticosterone levels both after conditioning (group effect, F(2, 34) = 6.678, p = 0.004) and after cued memory retrieval (group effect, F(2, 34) = 11.780, p < 0.001), when compared to the DER (post hoc; * conditioning: p = 0.008, memory: p < 0.001) or the RER (post hoc; § conditioning: p = 0.010, memory: p = 0.007). Among females, no statistical difference was observed between the experimental groups under any condition. Overall, as expected (Beiko et al., 2004; Kant et al., 1983) , female rats had increased corticosterone levels, both at basal conditions (sex effect, F(1, 59) = 51.419, p < 0.0001) and after FC (conditioning: F(1, 59) = 34.856, p < 0.0001; memory: F(1, 59) = 31.522, p < 0.0001).
3.6. Neonatal learning of a T-maze, under denial of maternal reward results in increased activation of the adult amygdala in a sexdimorphic way (Fig. 5) Analysis of the data on the number of c-Fos immunopositive cells in the CeA of the adult brains of DER, RER and CTR rats of both sexes, 2 h after the cue fear memory revealed a significant group Â sex interaction (F(2, 28) = 6.343, p = 0.006). Further analysis revealed that it is the male DER rats that have increased CeA activation (F(2, 15) = 15.264, p < 0.0001), when compared to the RER (post hoc, # p = 0.001) and the CTR (post hoc, *p = 0.002). No group differences were detected in the female rats. Analysis of c-Fos immunoreactivity data from the BLA in the adult brains of DER, RER and CTR rats of both sexes did not reveal any group or sex difference, or group Â sex interaction (data not shown).
3.7. The different early life experiences do not lead to differences in emotionality, as assessed by EPM and OF (Fig. 6 (Lehmann et al., 1999) . In the OF, when the number of rearings was analyzed, there was a group effect (F(2, 56) = 8.889, p < 0.0001): DER rats of both sexes had higher number of rearings when compared to the CTR (post hoc, *p < 0.001) and marginally statistically significantly higher when compared to the RER (post hoc, # p = 0.074). No group or sex effect or group Â sex interaction was revealed when the time spent in the center of the arena was analyzed [group effect F(2, 55) = 1.698, p = 0.193; sex effect F(2, 55) = 1.729, p = 0.195; group Â sex sex interaction F(2, 55) = 0.145, p = 0.866] however there was a sex effect on the total distance covered in the arena: female rats, irrespective of group, covered more distance (in cm) than male rats (F(1, 55) = 65.743, p < 0.0001), as expected (Lehmann et al., 1999). 3.8. Long-term epigenetic effects of the neonatal training (under maternal reward, or its denial) in the T-maze as assessed by pAcH3 immunohistochemistry in the adult rat amygdala (Fig. 7) Two way ANOVA with the group of animals (DER, RER, CTR) and sex as the independent factors, revealed a significant group Â sex interaction in the data on the number of pAcH3 immunopositive cells in the central amygdaloid nucleus under basal conditions [F(2, 32) = 5.899, p = 0.007]. Further analysis showed that among males only the DER animals had increased pAcH3 levels (F(2, 17) = 12.579, p = 0.001) when compared to the RER ( # DER vs. RER, p = 0.003) or the CTR (*DER vs. CTR, p = 0.001), while no group difference was observed among female animals. For the BLA no group or sex effect or sex Â group interaction was identified (data not shown).
Double immunolabeling revealed that 2 h after the cue fear memory all cells immunopositive for c-Fos were also positive for pAcH3 in the CeA (100% co-localization), while the reverse was not true: there were pAcH3 positive cells that were not c-Fos positive (Fig. 8) .
Discussion
The results presented herein document an early amygdalar activation linked to a specific early life experience of enhanced negative emotional valence (DER), which nevertheless is not accompanied by increased levels of innate or learned fear, or anxiety later on in life. On the other hand, a less aversive early life experience coupled to the reward of permitting maternal contact (RER) leads to a memory advan- tage in a conditioned fear learning paradigm. Both neonatal manipulations lead to a lower corticosterone stress response following the fear conditioning, indicating that they offer an advantage in dealing with mild stressors, such as the one of the paradigm used. The DER early experience results in adulthood in increased activation of the amygdala following fear conditioning. These long-term effects of the DER experience could be mediated by epigenetic modifications, as indicated by our results showing increased levels of phospho-acetyl-histone-3, in the amygdala of adult DER males. Interestingly, the long-term effects of the DER and RER early experiences were observed only in males. The first exposure, on PND10, to the neonatal experience of being denied the expected reward of maternal contact was stressful for the pups, resulting in an increase of corticosterone. However, repeated exposure to the same experience during the following days (PND11-13) did not lead to a corticosterone increase in response to the experience, indicating habituation. The increased corticosterone levels found in the DER pups following training on PND10 is reminiscent of the initial responses to maternal separation often observed, as well as of the increase in corticosterone following exposure of separated rats to mild stressors such as novelty during the neonatal period (Rosenfeld et al., 1992) . A habituation of the newborn rat's stress system over repeated separation events has also been reported by others. For example, it was shown that the rise in plasma corticosterone induced by a single 8h-maternal separation on PND5 was abolished, when this separation procedure had also been performed on PND3 and 4 (Daskalakis et al., 2011; Enthoven et al., 2008) . A further consequence of the DER experience was to maintain corticosterone levels low throughout the final stages of the SHRP period (PND11-13), preventing the increase in corticosterone levels normally occurring during this period.
On the other hand, the challenging experience involving learning terminated by a rewarding event, i.e. permission of maternal contact (RER) results in corticosterone levels that are lower than those measured in the CTR pups during the respective postnatal days. Furthermore, this early life experience, similarly to the DER, delays the exit from SHRP. It should be noted that maternal care (licking, grooming and arched-back nursing) upon return to the home cage was higher in the two experimental groups (RER and DER) than the controls, while the opposite held true for the time mothers spent off the pups. This increased maternal presence and care could mediate the low corticosterone levels observed in the RER and DER pups on PNDs 11 and 12, since it has been reported that the presence of the mother maintains low corticosterone levels in the pups (Stanton et al., 1987; Figure 6 Effects of the different neonatal experiences on behavior in the EPM (left) and OF (right) in adulthood. Bars depict Means AE S.E.M. Post hoc comparisons, ^ males vs. females, *DER vs. CTR. . On PND10 in the DER pups, the beneficial effects of improved maternal behavior, which lasted only 2 h, appears to be insufficient to counteract the rise in corticosterone induced by the stressful components of the DER experience.
Both the DER and RER experience resulted in lower corticosterone levels following the fairly mild (1Â 0.5 mA) stress of fear conditioning, resembling the effects of neonatal handling. This latter early experience resulted in adulthood in lower corticosterone levels upon re-exposure of rats to the box in which they had received an inescapable foot shock (3Â 0.8 mA), 24 h earlier (Meerlo et al., 1999) . The lower stress reactivity of the DER and RER -compared to the CTR -could reflect an enhanced negative feedback, as is also the case for handled animals (Meaney et al., 1993) .
Our early life manipulations did not lead to any effects on emotionality and locomotion as assessed in the EPM task. In the OF the only parameter shown to differ between the groups was the number of rearings: DER rats, both males and females, exhibited significantly more rearing behavior when compared to the CTR. Thus, although there is no difference in overall locomotion, measured by total distance covered, or anxiety, assessed by the amount of time spent in the center of the arena, it seems that the DER animals exhibit an increased exploratory behavior. The RER experience, whose adversity valence is minimal, had no effect on emotionality. This is not a surprising finding, since even the strongly aversive early experience of maternal separation/ deprivation has often been found not to affect adult anxiety and emotionality (Lehmann et al., 1999; Roman et al., 2006) . However, there are other reports that maternal separation increases adult emotionality (Daniels et al., 2004) . The discrepancies regarding the effects of maternal separation on adult emotionality are related to the protocol employed and in particular the duration and frequency of the separation from the mother, as well as the age of the pups at which they are subjected to this experimental manipulation (Lehmann and Feldon, 2000) . In contrast to maternal separation/deprivation, neonatal handling has been linked to reduced emotionality and anxiety in adult rats, as assessed by the OF and the EPM (Meaney et al., 1991; Meerlo et al., 1999; TejedorReal et al., 1998) . Early life stress has been shown to disrupt HPA axis and limbic system development, leading to mental health deficits (De Bellis, 2005; Gunnar and Quevedo, 2007) . The neural circuit mostly affected by early life stress overlaps with that mediating attachment of the young to the mother via learning of the maternal odor Sullivan et al., 2000) . This same neural circuit attenuates aversive odor learning to ensure a stable attachment to the caregiver (Roth and Sullivan, 2005) , via suppression of the amygdala by the pups' naturally low corticosterone . In older animals, corticosterone increases and leads to activation of the amygdala (Korosi and Baram, 2008) , and the emergence of (olfactory) fear conditioning, acting as a switch between attraction and fear . In our paradigm, we showed that neonatal training under denial of the reward of maternal contact leads to an early transient rise of corticosterone, which could mediate the maturation of the amygdala thus enabling their DER-induced activation, also observed (by c-Fos expression) in the 10 day old DER pups. Although still within the SHRP, the DER experience contains stressful enough components to lead to such an activation. It should be pointed out that increased corticosterone levels during the neonatal period permit the activation of amygdala following a stressful stimulus. Thus, in the CTR pups no activation of the amygdala is observed, in spite of the increased levels of corticosterone occurring between PND10 and 12 as a result of the normal developmental pattern, since these animals are not exposed to any stressful stimulus. The stress-induced early amygdalar activation in the DER pups could modulate programming of amygdalar function and subsequent amygdala-dependent behaviors later in life.
Indeed in adulthood, the DER males, had more activated amygdala as shown by c-Fos immunohistochemistry, compared to the RER and CTR. The programming of adult amygdalar function by the DER early experience could be mediated through epigenetic modifications of histones leading to chromatin opening, as indicated by our results showing increased levels of phospho-acetyl-histone-3 in the amygdala of the DER males. Similar epigenetic changes have been also shown by others (Weaver et al., 2004) to mediate the long-term effects of increased maternal care. The chromatin opening would mediate changes in the expression of genes related to plasticity and coding for transcription factors, one of which is c-fos, which could then mediate pleitropic effects. Indeed our results showing that all cells in the CeA expressing c-Fos following cue fear memory also express pAcH3, support this proposition. In agreement with our data it has been shown that neuronal activity-induced expression of c-fos requires phosphorylation and acetylation of histone 3 (Chandramohan et al., 2007) .
It should be noted that the DER males had increased activation of the amygdala, while their degree of freezing did not differ from that of the controls. These results might at first appear contradictory, but there is ample evidence in the literature supporting that freezing behavior is not related to the degree of c-Fos expression (Holahan and White, 2004; Milanovic et al., 1998) , since they constitute manifestations of different processes. Expression of c-Fos in the amygdala in fear conditioning has been suggested to be an index of neuronal activation induced by the representation of the unconditioned stimulus (Holahan and White, 2004) . On the other hand, freezing is the motor behavior elicited by amygdalar output, but modulated through a complex neuronal network involving serotonergic, dopaminergic and GABAergic innervation in the dorsomedial prefrontal cortex and the hippocampus (Pezze et al., 2003; Lehner et al., 2008 Lehner et al., , 2010 Sotres-Bayon and Quirk, 2010) . Even within the CeA it has been shown that there are two distinct populations, one of which elicits freezing while the other inhibits it (Haubensak et al., 2010) .
The neonatal experience linked to the reward of maternal contact appears to provide a cognitive benefit in a fear conditioning paradigm. Adult RER male rats show an increased memory for both context-and cue-associated components of the conditioned fear experience, when compared to either the DER or the control. Our combined results on fear conditioning, EPM and OF could suggest that the RER experience has a specific effect on memory of emotional stimuli, without affecting emotionality per se. Lehmann et al. (1999 have reported results analogous to ours showing that another early experience model, maternal separation, leads to increased fear learning and memory in adulthood, without affecting emotionality as assessed in the OF and EPM. Furthermore, there is good evidence that learned fear and anxiety are different emotional states (Blanchard et al., 1991) , and that there is a dissociation in their anatomical substrates (Walker et al., 2003) .
The early RER experience seems to result in a state of increased arousal -as indicated by the higher levels of noradrenalin of the RER pups (unpublished results). This programmes the adult organism leading to a behavioral phenotype of higher vigilance to environmental stimuliand thus to the conditioned stimulus (CS)-and a hyperfunctioning brain noradrenergic system (unpublished results), which could underlie the enhanced fear memory (Dębiec et al., 2011.) . On the other hand, the DER early experience in which pups finally receive maternal care in spite of its denial during exposure to the T-maze, could involve an element of devaluation of stimuli, thus leading to a contained behavioral reactivity to emotion-laden stimuli, such as the CS, in adulthood: The adult DER male animals did not differ from the controls in their responses to fear conditioning. Neonatal handling is another early experience which in most studies has been shown not to affect the freezing response to fear conditioning (Pryce et al., 2003; Kosten et al., 2006) .
The increased activation of the amygdala in the DER animals following fear conditioning was observed only in the males and not the females. Furthermore, in females, there were no differences among the three experimental groups (DER, RER, CTR) in the basal amygdalar levels of phospho-acetyl-histone-3 or in corticosterone levels following fear conditioning, indicating that the females were less vulnerable to the effects of the early DER experience. On the other hand, the lack of effect in females could be attributed to differences in the estrous cycle. However, there are many studies showing that male rats are more susceptible to the long-term effects of early life manipulations (Slotten et al., 2006; Wells, 1976) . This could reflect the differences in the interactions between the rat mother and her male and female offspring (Moore and Morelli, 1979) , since testosterone elicits the expression of increased anogenital licking on the part of the mother toward her male pups (Moore, 1982) .
The early life experience model employed in the present work allows the study of the effects of two different early life experiences; one that involves a fair degree of adversity, in the form of denied maternal reward (DER group), while the second one is of minor adversity as it is terminated by receipt of maternal reward (RER group). Our results show that the degree of adversity of the early experience is not predictive of inappropriateness of responses to aversive stimuli in adulthood. For example the RER animals exhibit an exaggerated fear response, while the DER contain their expression of fear, in spite of experiencing the relevant emotional state. Our results are in agreement with the match-mismatch hypothesis (Schmidt, 2011) , according to which it is the congruence or not of the early and adult stimuli that is important. More specifically this hypothesis proposes that neonatal experiences of a certain adversity valence can be beneficial in preparing the organism to face stressful stimuli in the adult environment. On the other hand, a neonatal environment that is devoid of challenges can be detrimental for the development of efficient adult coping abilities. 
Role of the funding source
